We have developed a method of reverse time demigration (RTDM), which uses the seismic image to predict different wave phenomena, such as reflections, refractions and multiples. Based on it, we introduce a new way to predict both surface related multiples and interbed multiples, which takes advantages of the two-way wave equations and can be adapted to different acquisition geometries. We have found that adding a coupling term to a conventional RTDM leads to unstable wave propagation. As a solution, we propose to convert the depth image into a pseudo-density function by solving a nonlinear inversion problem. Our preliminary numerical experiments demonstrate that the proposed method works stably and provides reliable multiple prediction in even complex geologies.
Introduction
Demigration has been an important tool in seismic imaging for model building (Chauris and Benjemaa, 2010) , multiple prediction (Pica et al., 2005) , seismic inversion (Xu et al., 2012) and least-squares migration (Nemeth et al., 1999) . The difference between demigration and modeling is that demigration uses reflectivity to predict seismic data while modeling uses velocity and density as input models. Since migration is a technical "masterpiece" for reflectivity estimation (Bleistein et al., 2001) , demigration is considered as the inverse or adjoint process of migration.
The history of demigration can be traced back to the concept of "exploding reflector" (Loewenthal et al., 1976) , which led to one-way wave equation based post-stack migration. Since then, many migration methods have been developed and as their counterparts, the corresponding demigration methods were also introduced to the industry.
Recently, reverse time migration (RTM) has become a standard migration tool and is considered indispensable for delineating subtle hydrocarbon traps beneath complex overburden. To further improve its imaging quality, leastsquares reverse time migration (LSRTM) is emerging (Wong, et al., 2011) , which requires several iterations of RTM and RTDM.
In literature, one-way wave equation demigration (OWEDM) has been used to predict and suppress both surface related multiples (Pica, et al., 2005) and interbed multiples (Pica and Delmas, 2008) . Compared with the data driven demultiple techniques, for example, SRME (Verschuur and Berkhout, 1997) , such model based multiple prediction methods are more general. They can better handle different acquisition geometries and are less sensitive to data sampling issues.
However, when we attempted to generalize the multiple prediction method from OWEDM to RTDM, we found that a straightforward generalization leads to numerical instability. As a solution, the seismic image needs to be pre-processed to generate a pseudo-density model by solving a nonlinear inversion problem. With the new wave equations to be developed in the next section, we can compute both surface related multiples and interbed multiples by a two-way propagation. The preliminary tests demonstrate that the proposed new method works stably and can well handle complex geologies. Together with RTM, RTDM can be a powerful tool to further improve the quality and capability of prestack depth imaging. , we have to compute the wavefields originating at the source location and observed at the receiver locations. In an RTM (Whitmore, 1983; Baysal et al., 1983) 
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for common-shot record, where
is the velocity, and
is the Laplacian operator. At a subsurface reflection point, the angle dependent reflectivity is
Based on relation (3), the stacked image can be expressed as
The aim of the RTDM is to reconstruct the wavefield recorded at the receivers with a given stacked image ) 
In summary, equations (1) and (5) 
provides the first order interbed multiples. Similar idea with OWEDM has been proposed by Pica and Delmas (2008) . They also showed that the method can be extend to generate higher order interbed multiples with more computational cost. To simplify the process, we introduce a coupling term to equation (1), i.e.
summing equation (7) and (5), a compact formulation of RTDM to generate primary and interbed multiples is derived, as follows:
However, it can be seen that there is no guarantee that the solution of equation (9) is stable with an arbitrary reflectivity acting as a linear source term on the right hand side. To overcome this instability, we require , 1
where  is a positive pseudo-density function.
It is noted that, in addition to the primary and interbed multiples, surface related multiples and source-receiver ghosts can be predicted using equation (9) together with an additional free surface condition:
Equations (9) and (11) can be applied to any acquisition geometries for multiple and ghost prediction. Pseudo-density function inversion: Based on the above discussion, a stable RTDM requires the following three steps:
1. Estimate a pseudo-density function  from the given stacked image ) ( x I  by solving the following least-square optimization problem:
2. Solve either equation (9) or (11) 
The optimization problem (12) 
It is noted that  in equation (15) is a positive real penalization parameter for the total energy variation of F and is used to regularize the optimization estimates. In our numerical experiments, the total least-square problem (14) is solved by a steepest descent method.
Numerical experiments and examples
The first example is designed to prove the concept of the RTDM we have proposed. The stacked image we provide in this example only has two horizontal layers, with the depth at 1.0km and 1.6km respectively, as shown in Figure  1 . In the RTDM, the shot is put at the center of the section and all the receivers spread out to an offset of 8000m on either side. We use a constant velocity model, i.e. s m v / 2000  . Both the shot and the receivers are put at 10m depth. Therefore the ghosts caused by free surface are recorded in the data. Figure 2 shows three demigration results, namely:
1. The primary only data (Figure 2a ) calculated by equations (1) and (5); 2. The primary plus interbed multiples (Figure 2b) calculated by equation (9); 3. The primary plus interbed multiples and surface related multiples (Figure 2c ) calculated by equation (11). Since the reflectivity model (Figure 1 ) is simple enough, we can verify that both primary and multiples are correctly predicted by our method. The datasets we have generated can be used to predict multiples. The interbed multiples (Figure 3a) can be obtained by applying an adaptive subtraction to the two datasets shown in Figure 2b and 2c.
A direct subtraction of Figure 2c and 2b gives all the surface related multiples, as shown in Figure 3b . In the second example, we apply RTDM to the 2004 BP 2D model (Billette and Brandsberg-Dahl, 2005) . The dataset was generated by BP with shot spacing 50m, receiver spacing 12.5m and 15000m maximum offset, including both interbed multiples and surface related multiples. The stacked depth image after direct migration of this data is presented in Figure 4a . It is clear that the image is badly contaminated by multiples in both sediment and subsalt areas. As described in this paper, we first apply the nonlinear optimization inversion to the staked image to get a pseudo-density model, as shown in Figure 4b . Then we use it in RTDM to generate different synthetic datasets. Figure 5a shows an original shot record (No. 731), the RTDM predicted shot record with both primary and multiples using equation (11) is shown in Figure 5b . We also calculate another primary plus interbed multiple dataset which is not shown here. As described in the first example, taking the difference between the two modeled datasets, we obtain the predicted surface related multiple model (Figure 5c ). An adaptive subtraction has been applied to the original shot record (Figure 5a ) to clean up the multiples. The demultipled shot record is shown in Figure 5d .
Next, we migrate all the shot records after multiple suppression, and compare the updated stacked image (Figure 6b ) with the original image (Figure 6a) . Furthermore, for ease of comparison, we migrate the RTDM predicted multiples and show the image in Figure   6c . We clearly see that many migrated multiples are removed with the proposed method and the imaging quality in the areas of sediment, salt body and subsalt are all improved. 
Conclusions
We have developed a theory of RTDM, which can be used to model primary, interbed multiples, surface related multiples and free surface ghosts. The method is general, can predict multiples and ghosts for different acquisition geometries (eg. OBC/OBN, variable depth streamer) and for different source combinations (eg. simultaneous shooting). Comparing with OWEDM, the proposed RTDM has no dip limitation, handles complex geologies and can predict both low order and high order multiples with the same cost of a wave equation modeling. Together with RTM, RTDM can be a useful tool to further enhance our capability of prestack depth imaging.
